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Abstract 
The following final design review outlines the process our team took in order to create a 
prosthetic for surfing. With the results of the Surf Leg V1 prosthetic, we designed, created, and 
tested our own product. The goal was to create a prosthetic that can immediately be used by an 
individual for surfing. From our findings, we decided that the focus of our project was to improve 
upon different features of the prosthetic leg designed by the previous senior project team. Our 
main focus was to improve mobility and reduce the weight of the ankle mechanism. The choice of 
Aluminum as a key material was ideal for its strength-to-weight ratio, and was used in the knee 
post. With each improvement we placed an emphasis on minimizing the amount of material used 
in order to reduce the overall weight. We determined a 3D-printed  foot with carbon fiber as the 
material as it is flexible while still achieving the strength requirements. We also decided to use a 
3D-printed ABS ankle cap as we discovered during the structural prototype that ABS will provide 
sufficient strength for the intended use of surfing. The size and shape of the rubber gelatin ankle 
component in comparison to Surf Leg V1 was optimized to further reduce the weight of the 
prosthetic. Features such as the raised foot edges were added in order to improve the mobility and 
allow a more responsive foot for surfing. The remainder of the final design was completed and the 
results are contained in this document. 
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1. ​Introduction 
Van and Amanda Curaza are surf instructors who started the non-profit organization 
Operation Surf, which has gained national recognition and featured in the Netflix documentary 
Resurface​. Operation Surf's mission is to help veterans rehabilitate from mental and physical 
disabilities through the healing power of the ocean by teaching them how to surf. They hold 
several programs with locations ranging from Huntington Beach, Santa Cruz, Florida, Hawaii, the 
UK, and the Central Coast of California. The head of the organization, Van Curaza, is a big wave 
surfing legend and world class surf instructor who has also owned and operated Van Curaza Surf 
School for almost 40 years. During his time teaching those with physical disabilities, Van has 
frequently observed difficulties from the use of prosthetics. With surf students ranging from first 
time to veteran surfers, those attempting to surf with their current prosthetic leg all have the same 
issue, they are engineered for standing straight and walking. The lack of mobility in the ankle limits 
the ability to bend the knee and balance while carving a board and results in an unsuccessful 
learning experience.  
This is where the non-profit organization Quality of Life Plus (QL+) comes into play. The 
mission of QL+ is to improve the quality of life for veterans, and has organized a team dedicated to 
meeting the needs of Operation Surf. This happens to be a continuation of a previous senior 
project in which a prosthetic surf leg was also designed and manufactured. One of the members of 
the last senior project, Samantha Campbell, was a consultant for our team throughout the year. 
Our team, Point Break AKA Surf Leg V2, completed this project by analyzing necessary 
improvements to a current prototype in Vans possession. We designed an updated model with 
improved mobility in the ankle, height and weight adjustability, as well as reduced overall weight 
and increased durability. 
In this document, we will begin by discussing the background of the design. This will range 
from interviews with our customer Van, past project findings, current patents, to journal article 
research. We then discuss the specific needs required by our customer, followed by the final design 
and how we will meet these needs. The document continues with a detailed manufacturing plan 
containing the manufacturing instructions we followed to make our final prototype, which was 
slightly altered because of COVID-19. The document will conclude with a finalized plan on how 
the final design was tested to determine if the customer specifications were met (Design 
Verification Plan), a section regarding the next steps in our design process, as well as the key overall 
findings of our document. 
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2. ​Background 
 
2.1 Customer Interview 
We have met twice with our customer Van to discuss what he wants with this project and 
what kind of progress we think we can achieve. His specific desires for the project can be found 
later in the report. We also met with our project adviser as well as one of the previous project 
members Samantha multiple times in order to gain insights into potential problems that we may 
face, regarding realistic versus idealistic design improvements. This has allowed us to create our 
Quality Function Deployment (QFD) and determine our design specifications, both of which can 
be found later in the report.  
 
2.2 Patent Research 
To start our research we began by looking at prosthetic patents, specifically those focused 
on ankle movement. The relevant patents can be found in Appendix A. These patents were mostly 
for walking prosthetics and they were able to help give us some ideas to help improve the current 
model. A more flexible foot area as well as some different ways to improve articulation were some 
of them. Specifically patents US4718913A, EP2762109B1, US6482236B2 gave us some more 
insight into some ideas for how to articulate the ankle in different ways. EP2762109B1 also gave us 
inspiration into changing our foot design. These designs use springs and another uses dampers, 
which gave us insight into alternative methods besides what our prototype already implemented. 
In order to find these we went onto google patents and searched for the keywords 
“prosthetic”,”foot”,”ankle”. 
 
2.3 Product Research 
While researching previous products that have been made it became clear that besides the 
last Cal Poly surf prosthetic project which was designed to accommodate various weights and 
heights, most of the iterations found online have been customized specifically for the individual 
and have not been manufactured in large quantities. 
In general, our project aims to create a more adaptive prosthetic that is designed for more 
than daily walking. Daily prosthetics are durable and made to support the weight of the user and 
imitate the necessary movements of a foot, ankle, thigh, and knee depending on the type of 
amputation. The movements allowed are usually only suitable for walking and cannot replicate 
more complex movements needed for more strenuous activities [Amputee Coalition]. 
Most of our design improvements will reference the prosthetic made by the previous Cal 
Poly senior project group which can be seen in Figure 1. [Altansukh]. This design has a very 
intuitive ball and socket mechanism that is used to emulate ankle mobility. Similarly, the ability to 
change the height of the leg and stiffness was another feature that we felt as a group was a good one 
to implement into our design. Below is a picture of the prosthetic being used for testing.  
5 
 
Figure 1.​ The prosthetic from the previous senior project. 
 
The main problems with the design is due to the fact that the ankle mobility has not been 
able to properly imitate the process of squatting down, with the user falling over because their 
center of mass does not move over the feet during the process. In addition, the original foot design 
was too big and not practical for actual surfing. We will take a lot of the features of this product 
and try to solve the current problems when creating our design. 
In Figure 2, a prosthetic created by Michael Stull at RGP Prosthetics for Tyler Dixon can 
be seen [Dixon]. This prosthetic which enables Tyler Dixon to surf has specific features built into 
the ankle area in order to imitate the necessary movements for surfing. He has added a cool feature 
in which he is able to customize and wear a design for his thigh/leg pieces.  
 
 
Figure 2.​ prosthetic for Tyler Dixon in action. 
 
The leg has the look of a regular prosthetic but with a notable intricate design on the ankle. 
Specifically, he has added a damping mechanism to cushion impacts and has allowed for a certain 
dorsiflexion movement in the ankle. His prosthetic was made specifically for him so this leg is for a 
below-the-knee amputation and he is using this leg as his back leg when surfing.  
Another Surfer, Colin Cook, lost his leg in a surfing accident and designed his own 
prosthetic to use for surfing [Cook]. This can be seen in Figure 3. 
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Figure 3.​ Colin Cook’s designed prosthetic for surfing. 
 
This has a different design than the other two in that this design looks less like a leg and 
adopts a more ergonomic design. This includes a more curved profile that features an inverted-Y 
design for the foot that is also broken up into two pads which can be seen below. He explained that 
he created the prosthetic using carbon fiber Yacht-Racing components. Just like Tyler Dixon, his 
prosthetic is made specifically for the below-the-knee amputation and he uses it for his back leg 
when surfing. 
Eric Dargent created a prosthetic that was made commercially available in France in 2016 
[Thioliere]. It is said that his prosthetic costs 4000€ less than a “normal prosthetic”. This can be 
seen below in Figure 4. 
 
 
Figure 4.​ Eric Dargent with his prosthetic in action. 
 
One of the main features of his leg is that he uses a hydraulic damper in order to cushion 
the surfboard's responses and maintain balance. With the help of his prosthetic, Eric was able to 
win the French surf championship in 2015 and 2016, pictured above.  
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2.4 Journal Articles 
“When the ability to be physically active and mobile is compromised, independence is lost, 
and emotional well-being is reduced” [Fergason, Boone, 681]. For many years, below-knee 
prosthetic was fitted with rigid single-axis hinges carried from the medial and lateral proximal 
socket surfaces up to a thigh lacer. The total contact patella tendon bearing (PTB) and the total 
surface bearing (TSB) designs have replaced this system. Data analysis has shown that TSB sockets 
are lighter than PTB socket prosthetics, in addition to TSB sockets providing better suspension. 
Statistically, there is a difference between the two sockets in walking and ambulation activities 
(instance of moving), with TSB in favor. When sitting or standing up in a chair, there is no visible 
difference between the two [Yigiter, Sener, Bayar, Abstract]. It is clear that the TSB socket is a 
more advantageous socket design, and it should be taken into consideration that according to the 
Cleveland Clinic it is recommended to wear a new prosthetic for less than two hours the first day 
of use while examining the limb every 15 minutes [​Cleveland Clinic​]. 
An additional source of information which uses the TSB socket discussed a conceptual 
design for a prosthetic ankle-foot mechanism that can adapt to the slope of a walking surface. As 
can be seen in Figure 5, this mechanism simulates the complex behavior of the foot by limiting the 
impedance in the early stance phase and then switching to the higher impedance once foot-flat is 
reached. The point at which this change in impedance happens is referred to as the set-point, and is 
reset every step. The mechanism utilizes body weight to switch impedance modes, not requiring a 
control system. The mechanism consists of a “triceps surae” spring and two “neutralizing” springs. 
The neutralizing springs are configured so their set-point is when the ankle is neutral. Upon initial 
contact of the heel, the locking mechanism is unlocked on the triceps surae spring and allows free 
movement [Williams, 3].  
 
Figure 5.​ Operation of the design concept. Prosthetic Ankle-Foot Mechanism Capable of 
Automatic Adaptation to the Walking Surface 
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A standard connector for many prosthetic attachments is the pyramid connector. It is the 
standard for transfemoral (above the knee) prosthetics for coupling the knee and socket, which 
enables a high degree of adjustment in the knee and ankle alignment [Needham, 14]. 
According to multiple journal article studies, aluminum has high resistance to corrosion 
under the majority of service conditions. No salts are formed from contact, and do not stain or 
discolor aluminium surface. Aluminum is also highly reflective, making it easily visible during a 
very physical sport such as surfing. They are available in a wide variety of strengths, from highly 
ductile low strength to tough high strength alloys. Aluminum also retains its strength at low 
temperatures which is crucial for  surfing in the frigid Pacific Ocean [Davis, 1]. Aluminum also has 
a higher strength-to-weight ratio than many steels, often more than double, making it ideal for 
design and construction. In regards to corrosion, aluminum is extremely resistant to oxidation. 
When an aluminum surface is exposed to the atmosphere, a thin invisible oxide skin immediately 
forms which  protects the metal from further oxidation. This protective oxide layer is generally 
stable from 4.5 to 8.5 pH, making it resistant to salt water corrosion [Davis, 4]. 
In order to manufacture the majority of the components for our surf prosthetic, we will 
implement metal casting in our manufacturing process. Although the metal properties slightly vary 
after casting metal due to air pockets and slight defects, the friction stir processing (FSP) can 
minimize these issues. FSP can eliminate local casting defects by refining the microstructures, 
which thereby improves the mechanical properties of the material. Casted alloys have a lot of 
defects such as porosity which makes it difficult to use in crucial applications which are strength 
dependent. Friction stir processing has been proven to improve the yield and tensile strengths by 
around 30%, as well as increasing the ductility of the material by four times its parent material 
[​Karthikeyan, 2]. 
 
3. ​Objectives 
 
3.1 Problem Statement 
 A surf instructor from a local surf school needs assistance in improving or creating a 
prosthetic for veterans who have had amputations below-the-knee. Current prosthetics do not 
have the necessary mobility in the ankle to properly emulate the movements necessary to surf. 
 
3.2 Boundary Diagram 
This illustration in Figure 6 gives a rough idea of what we are in control of during this 
project. What we can control is contained within the dashed line.  The things that we cannot 
control and need to account for are outside the dashed line.  
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Figure 6.​ Boundary diagram showing the scope of our project 
 
3.3 Wants and needs table 
After meeting with Van a couple of times, we created this Table 1 in order to organize 
everything that we had discussed and what we believe is critical to a working prototype design. 
 
Table 1.​ Wants and Needs for the final design 
 
3.4 QFD (Quality Function Deployment) 
To help our decision making process and assist us in making sure that we consider our 
clients wants/needs through the design process we used the Quality Function Deployment process, 
which can be seen in Appendix B. We began by determining everyone who is going to be using our 
product. This is in the ​Who​ column. Then we listed all the requirements that the customer wants, 
as well as the requirements the customer expressed a need for without knowing to ask for it. This 
can be found in the left column labeled ​What​.  Using these two categories we then rated the degree 
which we think each customer will care about each specification. We also made a list of tests to 
make sure that our requirements meet our specifications. These tests are in the ​How​ row of the 
table. We then made comparisons to existing products that we found. We graded their 
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Wants   Needs 
Ease of manufacturing  Lightweight 
Cleanability  Height adjustability 
Low cost  Ankle mobility 
Weight adjustability  Corrosion Resistant 
Flexible foot  Universal Connection 
  No sharp edges 
  Durability 
effectiveness on how well we thought they would perform in our situation. This process allows us 
to figure out what the most important requirements and tests are for our clients. The full Quality 
Function Deployment (QFD) can be seen in Appendix B. 
 
3.5 Engineering Specification Table 
Table 2 shows specific characteristics that the prosthetic leg will need to meet. Risk 
specifies how attainable the feature is with low meaning the feature will be in the final product and 
high meaning the feature may be hard to include in the final design. Compliance refers to how the 
feature will be tested. T stands for test, A stands for analysis, S stands for similarity, and I stands 
for inspection. 
 
Table 2.​ Specifications to be test by prosthetic prototype 
 
11 
Spec No.  Description  Target  Tol  Risk   Compliance 
1  Weight  10lbs  Max  Low  I 
2  Front Movement   45°  ±5°  Low  T,I 
3  Side to Side  Movement   20°  ±5°  Low  T,I 
4  Impact Test  6ft drop  Min  Medium  T,A 
5  Tensile Test  100lbf  Min  Medium  T,A 
6  Fatigue Test  200 Squats  Min  Medium  T 
7  Prosthetic User Weight 
Test  
 +20 lb, 
+30 lb, 
+40 lb  
Min  Low  T 
8  Blind Feeling 
Inspection 
No Sharp Edges  Min  Low  I 
9  Final Price  $1500  Max  Medium  I 
10  Post Production 
Inspection 
Requirements 
Met 
Min  Low  I 
11  Prosthetic User Plantar 
Flexion Mobility 
Comfort  Min  Low  T 
12  Prosthetic User 
Dorsiflexion Mobility 
Comfort  Min  Low  T 
3.6 Specification Descriptions 
This section is here to clarify the specifications  mentioned in the previous section. The 
weight specification is to make sure we do not make it too heavy. The Front/Back and Side to Side 
specification is going to involve us measuring the max angles the foot reaches in order to ensure we 
have realistic ankle movement. For the Impact test we will be dropping the foot to make sure it can 
withstand impacts. In the tensile test we will be pulling the foot to make sure that if they fall off 
the board the water will not yank the foot apart. These two tests are to ensure the foot is tough 
enough to endure what the customer needs. We will also perform a salt fog test which involves 
putting the foot into a box full of salt fog to make sure there is no corrosion. The fatigue test is to 
make sure that the foot withstands repeated use without problems and will involve a volunteer 
squatting with it repeatedly. The weight test is to make sure that our product can be used with a 
variety of people and has a user holding different weights while moving with the prosthetic. The 
blind feeling test is to ensure there are no sharp edges that could hurt the client. Our final price is 
to make sure that it is affordable for those that need it. Our final tests, which are the Prosthetic 
User Plantar Flexion Mobility and Prosthetic User Dorsiflexion Mobility, are to test comfort when 
moving the foot forward and back and when moving the foot side to side. In addition tests 11, 12, 
and 13 will come from customer feedback as well as our own observations. We will only be able test 
this device on one adaptive athlete, a San Luis Obispo resident Karen, who although does not surf 
is willing to provide land testing demonstrations. This will make a quantitative test such as a survey 
with multiple adaptive athletes difficult, therefore we will take a qualitative approach to Tests 11, 
12, and 13. 
 
4. ​Concept Design 
 
4.1 Brainstorming  
To begin designing for our prototype, we analyzed several possible issues that we 
considered relevant to our project. After discussing multiple possibilities, we ended up with three 
unique functions to satisfy. The functions we chose were gripping the board, stabilizing the surfer, 
and rotating the ankle. We proceeded to organize a list of possible solutions that could potentially 
satisfy each given function. This allowed us to come up with some unique ideas that we were then 
able to visualize by gathering materials and quickly building smaller, less complex prototypes. The 
full brainstorming ideas can be seen in Appendix F. We were able to create seven unique concepts 
that can be seen in the section below.  
 
 
 
 
 
 
12 
4.2 Conceptual prototypes 
For our prototypes we attempted to create distinct concepts that did not overlap with each 
other in order to have a wide range of ideas to select from. We also tried to focus the prototypes on 
specific functions such as improving the foot mobility as well as weight reduction. Our efforts can 
be seen in the figures below.  
One of the changes we are looking to make to this prototype is to allow the foot to assist 
with ankle flexibility as well as effectively grip the board. This can be seen in Figure 7. 
 
Figure 7. ​This concept helped visualize bendable wings for improved grip. 
 
This I-shape would be able to grip the board whenever the surfer is forced to roll onto the 
edge of their foot. However, the strength of the wings could be an issue with the chance of them 
snapping off . 
The concept behind the design in Figure 8 was weight reduction. By skeletonizing the foot 
we are able to make it the lightest of any of our concepts. 
 
Figure 8. ​A skeletonized foot with thin supports for strength. 
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The added cross supports would provide reinforcements to support the surfers weight. 
While this concept has potential, we are concerned about how well it can grip the board as well as 
withstand twisting forces. 
The goal of the concept in Figure 9 was to add the ability to grip on the edge of the foot 
without adding  unnecessary stress.  
 
 
Figure 9. ​This concept is a regular foot shape with raised, rounded edges. 
 
Unlike the I shaped foot this one allows for a bit of edge roll without the large wings. 
However, one drawback is still the weight of the foot. To fix this we are analyzing ways for us to 
reduce weight as well as drag by adding some venting in the front area of the foot. 
The purpose of the design in Figure 10 was to represent a model of a foot that can stand 
straight up on its own, with material that weighs more than styrofoam. 
 
 
14 
Figure 10. ​A free standing foot design with tension springs and a ball-socket ankle.  
 
This was done from a series of tension springs (rubber bands) in the front and back which 
will mimic a walking foot. When the ankle bends forward, the springs in the back increase in 
tension, causing the front of the foot to push downward. When the ankle bends backward, 
similarly the spring in the front pulls the front of the foot up in an attempt to maintain normal 
standing position. Although effective, this design has many moving parts which are prone to error. 
The design seen in Figure 11 emphasized a circular foot in contrast to a more realistic foot 
or shoe shape.  
 
Figure 11. ​A circular foot shape which could be combined with the flexible rubber ankle design. 
 
This design proved to be too stiff in the front and back directions which require more 
flexibility than the side to side directions. An advantage however, is a limited use of materials 
allowing the design to be lighter than the normal foot shape design. 
We also made two more designs that focused on reducing the size of the ankle cap which 
can be viewed in Figures 12 and 13. 
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Figure 12. ​A redesigned ankle cap to reduce weight from the original design. 
 
 
Figure 13. ​Another redesigned ankle cap with flared struts. 
 
The smaller design was created with the thought of designing two main parts that 
overlapped the rubber perpendicularly  while leaving a hole through the top for the ankle to come 
out, leaving most of the rubber in the ankle exposed. We were comfortable and conscious with the 
decision to keep a portion of the rubber in the ankle exposed because we knew that the main 
purpose of the ankle cap was to keep that rubber in place, and not for the protection of the rubber.  
In the bigger concept design of the ankle cap, we again went with the four struts, the main 
difference with this design and the smaller one was that we flared the struts out near the end in 
order to create more support, this decision came from the fact that while we were aware that we 
wanted to reduce the weight of the original ankle cap, we still needed the cap to be strong enough 
to support the stress of the ankle making contact with it. 
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4.3 Selected Concept 
To select our concept we created three Pugh Matrices for each function and compared 
them to the original prototype, which can be seen in Appendix C. This allowed us to visualize the 
strengths and weaknesses for each design with respect to each function. The breakdown of each 
design variation can be seen in Table 3. In the left column there are  individual pieces of the foot 
that we changed from each design. Each of the following columns is the makeup of that piece for 
the generated concept ideas. 
 
Table 3 . ​Breakdown of each concept's materials and designs. 
 
 
After creating the table we proceeded to mix and match different pieces to create new 
designs to evaluate each concept based off of the criteria from our Quality Function Deployment 
(QFD).  To create the new concepts we tried to focus on specific attributes such as lightweight, 
durable, and  flexible and then created mixes of those categories to see what would give us the best 
results. These combinations can be seen in Table 4. 
 
Table 4 . ​New concepts generated from material breakdown. 
 
 
Once we had created these concepts, we chose our datum criteria and weighted each 
individual design to signify its importance.  This allowed us to assign a numerical value to each of 
the criteria for each of the concepts. By multiplying the weight of the criteria to the score each 
concept received and adding them up. We were able to compare them to each other to see which 
one had the best overall score.  These grades can be seen in Table 5 below.  
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Table 5​. Weighted Decision Matrix. 
 
 
From Table 5 we saw that our best options were Concept VII, IX, and III. However we choose to 
disregard VII and III due to the difficulty to create them as well as the  possible problems with 
durability. Therefore IX was the best option.  
 
4.4 CAD modeling 
The focus of the CAD model for the PDR was the ankle cap. The design of the ankle cap 
was similar to the surf leg 1 senior project design in that there are three screw holes on each side of 
the cap, with roughly the same width and length dimensions. There are multiple areas where our 
cap design is different, the most substantial difference being the shape of the cap itself. In Surf Leg 
1, the ankle cap is a circular shape. In our design which can be seen in Figure 14, we focused on an 
oval shape with flat sides allowing more space for the ankle rubber in the front and back directions, 
with less space in the side directions. This is because less mobility is required from side to side, with 
more mobility necessary in the front to back directions. By making an oval shape with flat sides, 
this allows only material to be used where necessary, optimizing weight to functionality. An 
additional modification made in our ankle cap design was by making three oval shaped cuts in each 
side and four oval cuts in the front and back of the ankle, which allows for a fully enclosed casing 
for the rubber with minimal material usage. The most prominent edges of the ankle which are at 
the top were rounded off with a filet to avoid hazardous sharp edges. 
We also modified the rubber to fit in the new cap as well as modeled a new foot which can 
all be seen in Figure 14. The new rubber pieces were narrowed to fit as well removing the fillet 
around the top to make it fit more snugly within the cap. For the new foot we took the standard 
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size foot and tried to create a prosthetic that was around the same size.  We then added rounded 
edges all the way around the foot for added grip  when the user is moving around. 
 
 
Figure 14​. CAD Assembly of the current surf leg prosthetic design. 
 
Figure 14 is a SolidWorks assembly of each component which makes up our Surf Leg V2 
design. Each component was uniquely designed by a member of the team, however, they were 
inspired from the final product of Surf Leg V1. 
 
4.5 Preliminary Analysis 
When designing the product, we needed a basic assessment of the stresses that would occur 
as well as their locations. We created different FBD’s that focused on different movements that 
would incur different stresses throughout the prosthetic leg. One of the situations focused on the 
moment that would be created in the ankle when a user bent forward. This situation is one that we 
knew would be relevant because being able to squat is very important for athletes when they are 
surfing. The results of the maximum stress and moment when accounting for a worst case scenario 
of 250 lbf on the leg with a bend of 60° from the ground can be seen in Table 6. Our calculations 
tell us that there would be a 2250 lbf-in moment at the ankle and a total pressure of 13125 psi on 
the ankle component. Below is a table with our hand calculation results and the hand calcs can be 
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seen in Appendix D. With an ankle cap material of aluminum, our factor of safety for this situation 
is 3.05, which made us comfortable with our design decision. 
 
Table 6. ​Hand calculation results for stress and  moment on ankle cap. 
 
Another situation that we looked at was when a user leaned on to either side of the 
prosthetic foot and we wanted to know the stresses that would occur on the foot itself.  For this 
situation we give a worst case scenario a decrease of foot contact area from 52.5 in​2  ​ to 31.5 in​2​. 
With this configuration, we get a moment on the foot of 2052 lbf*in, and a pressure on the 
reduced area of the foot of 7875 psi. When comparing Factor of Safety values of this stress with 
carbon fiber and fiberglass, they both are well over a Factor of Safety of 1 so there is no need to 
worry about failure for either material case. We decided to go with the carbon fiber option due to 
the ability to have it 3D printed while still retaining its strength. 
 
4.6 Risks, Unknowns, Concerns 
During the CDR we still had some concerns about how our device would hold up. There 
were still questions about its design and its feasibility at this point in time. We still needed to 
research more about the 3D printed carbon fiber and how we would approach fabricating the foot 
out using that material. We also needed to make a plan on how we were going to go from making 
CAD of our design, to getting a mold to cast said parts. We had to make extra time for those steps 
since we did not know much about the process at that time and the potential points our 
production could have stalled and slowed down. Durability was also a concern of ours. While we 
knew that the materials could take the immediate stresses, we were still not sure how they would 
hold up over time. Another thing we still needed to think about was how the last prosthetic and 
our current prosthetic would do in live testing since neither have been tested for actual surfing yet. 
Additional risks and possible countermeasures can be viewed in Appendix D. 
 
 
5. ​Final Design  
Our final design of the prosthetic leg is able to meet the requirements and functionalities 
that were established in the Quality Function Deployment (QFD) in Appendix B. Our design 
successfully provides the user with the ability to surf. The main feature of our leg is employing a 
ball and socket mechanism that helps give the ankle the mobility necessary for the adaptive athlete 
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Situation  Max Stress (psi)  Max Moment (lbf*in) 
Bent forward Squat  13125  2250 
Lean to either side  7875  2052 
Factor of Safety  3.05  3.05 
to surf. The prosthetic consists of different materials ranging from aluminum and carbon fiber to 
ABS plastic and rubber gelatin. All prices listed in section 5.1 below can be viewed on Table 7, 
Appendix E, or Appendix H. The numbered components listed in section 5.1 directly correspond 
to the part number on figure 15. 
 
Figure 15.​ Updated CAD assembly of the surf leg prosthetic design. 
 
5.1 Individual Components 
The pictures of the individual pieces can be seen in section 6.1 in the report. 
 
1) Foot 
The foot component of our prosthetic leg supports the weight of the user similar to the 
foot of any prosthetic device. The foot was manufactured out of carbon fiber due to its 
light weight and high tensile strength, hand calculations and FEA analysis supported our 
choice in carbon fiber material. Initially this component was designed to be laid up on the 
Cal Poly campus in carbon fiber however, due to COVID-19 this part was outsourced to 
3D Applications to be 3D-printed. The foot was 3D-printed in a carbon fiber and ABS 
mixture which cost around $150. 
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2) Ankle Cap 
The ankle cap was the primary focus of our structural prototype, which supports the 
movement of the ankle while holding each piece of the prosthetic foot together. The top of 
the ankle cap has an opening which was designed to provide the desired 
frontward/backward and side/side mobility freedom, in other words not restricting the 
angle of deflection of the knee post. The final prototype was 3D-printed out of ABS plastic. 
It is light, water resistant, and strong which is what led us to choosing it. After FEA analysis 
and testing of the structural prototype, we determined the ABS ankle cap, with minor 
modifications to the thickness of the bottom connecting surface, was sufficient to support 
the force of a 300lb person. This was determined through FEA which can be seen in 
Appendix I, which shows the max pressure to be located at the top corner cut out. Since we 
were unable to obtain a factor of safety of the ABS plastic, as stated in Appendix I, we 
confirmed this stress at this location is acceptable due to where the ankle cap failed during 
the structural prototype test. This test was performed by inserting a rebar through the top 
cut out and as well as the bottom opening while applying up to  approximately 160 lbf 
downward at the end of the three foot rebar. This caused the ABS ankle cap to fail at the 
bolt hole cut outs, due to this unrealistically large force which would not be applied to the 
foot when surfing. No deformation was caused at the location of the max stress, therefore it 
can be concluded that the ABS ankle cap can support an adaptive athlete of any weight in 
the act of surfing. The final price of the ABS ankle cap is approximately $150. 
3) Foot Plate 
The foot plate is used to help secure the foot to the ankle component of the prosthetic leg 
by using bolts, as well as provide separation between the ankle cap/rubber ankle and the 
carbon fiber foot. The material of this part was 3D-printed in ABS plastic for its high 
strength-to-weight ratio. This part was outsourced and 3D-printed, and cost approximately 
$60. 
4) Lower Rubber Insert 
5) The lower and  upper rubber inserts help form the ball and socket mechanism that 
simulates the mobility of an ankle. This component was made out of PT Flex rubber that 
was molded to fit within the ankle cap, via molds that are 3D-printed. We used a variety of 
different strength rubbers, which were created using different ratios of two rubber 
strengths (PT Flex 20 and 60). Each strength was designed to support a different size 
individual, which during the structural prototype we were successful in mixing the two 
strengths to create a hybrid rubber. The price for this was $66 for 4lb of the rubber bought 
from PolyTek. 
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6) Lower Post 
The lower post is inserted into the ankle cap and rubber inserts, which acts as the upper 
ankle of the prosthetic leg. The part is able to rotate 360​°​ which provides the user the 
movement necessary to surf. We welded an aluminum cross to the bottom of the lower 
post, which prevents the post from pulling out of the rubber ankle component. The 
aluminum cross can be seen in figure 15. This component was made out of aluminum and 
was purchased through 3dhubs.com. The price of this component was approximately $11. 
7) Post Clamp 
The post clamp secures the lower and upper post together. The clamp also allows the 
prosthetic to be adjusted to a variety of heights so that it can be customized to fit different 
users. This part was bought from Amazon for $13.50. The material of the post clamp is 
aluminum, which has non-corrosive and high strength properties.  
8) Upper Post/Universal Connection 
The upper post is used to connect the lower post to the user through the universal 
connection. The aluminum for the upper post was purchased from the site Online Metals 
at the desired specifications listed in section 6.1. The universal connection component, 
which is a male/female connection, was bought from Bulldog Tools in which we ordered 
through Cal Poly since a medical license is required for purchasing. The price of the 
universal connection was $65. The cost of the upper aluminum post was $12. 
9) Upper Rubber Insert 
Similar to the lower rubber insert, this part provides the necessary simulated ankle 
movement for the prosthetic. This component was made out of PT Flex rubber that was 
molded to fit within the ankle cap, via 3D-printed molds. We used a variety of different 
strength rubbers, which will be created using different ratios of two rubber strengths (PT 
Flex 20 and 60). Each strength was designed to support a different size individual. While 
testing the structural prototype we were successful in mixing the two strengths to create a 
hybrid rubber. The PT flex 20 and 60 rubbers were purchased from PolyTek which cost 
$66 for each rubber strength. 
 
5.2  Maintenance & Repair 
The surf leg prosthetic was designed to require little maintenance. Rinsing all components 
with fresh water after surfing to prevent unnecessary salt water corrosion (components are 
corrosion resistant) is all that is required.  
Repairing components such as carbon fiber and PT Flex rubber gelatin will be difficult, 
therefore for any repairs a new component will need to be created. For the foot (01), foot plate 
(03), and ankle cap (02), the 3D file has been submitted and ordered directly from the sources listed 
in the parts purchase list (Appendix H). For the lower post (06), upper post (08), and universal 
connection component (08), a new component was ordered directly from the source using the 
vending number provided in Appendix H. The aluminum cross at the bottom of the lower post 
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(06) was outsourced to a commercial welder. The lower rubber insert (04) and the upper rubber 
insert (09) were remade by pouring PT Flex rubber gelatin into the molds as stated in the 
manufacturing plan section 6.1. If upper rubber mold and lower rubber mold break, a new 
3D-printed mold must be submitted and purchased from the source specified in Appendix H. 
 
6. ​Manufacturing Plan  
The format of our manufacturing plan is to assess each component of the prosthetic leg. 
The section begins at the universal connection component (08) which connects to the adaptive 
athletes prosthetic socket, and the manufacturing plan ends with the foot (01) as can be seen in 
Figure 15. Due to COVID-19, we used a manufacturing plan which differed from our original 
plan because various resources were no longer available. Along with each step by step process, the 
limitations of each process such as 3D-printing and liquid rubber molds are listed. Table 7 below 
gives a breakdown of the estimated cost for each material and manufacturing material required to 
complete the process. Appendix H gives detailed information on where to purchase each part. 
 
6.1 Individual Parts 
Universal Connection​ (Purchased) ​www.​bulldogtools.com 
Material: Steel 
 
Figure 16. ​Bulldog Male and Female Universal Connector 
Upper Post​  (Modified from purchased) ​www.onlinemetals.com 
Material: Aluminum 
Dimensions: Length: 6 inches, Inner Diameter: 1 inch, Outer Diameter: 1.25 inches 
Step 1: Purchase 24 inch aluminum tubing with proper diameter dimensions. 
Step 2: Cut 24 inch aluminum tubing to 6 inches, and deburr the cut edge to smooth the surface. 
Step 3: Grind 1.75 mm off  one end of post to reduce 31.75 mm OD to 30.00 mm OD, 1.18 inches 
or 30 mm from edge. 
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Figure 17​. Upper Post 
Post Clamp​ (Purchased)​ www.amazon.com 
Material: Aluminum 
 
Figure 18. ​Upper Post Clamp 
Lower Post​ (Modified from purchased) ​www.onlinemetals.com 
Materials: Aluminum Tubing/Square Rods 
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Dimensions: Length: 7 inches, Inner Diameter: 0.75  inches, Outer Diameter: 1 inch 
Step 1: Purchase 24 inch aluminum tubing with proper diameter dimensions. 
Step 2: Cut 24 inch aluminum tubing to 7 inches, and deburr the cut edge to smooth the surface. 
Step 3: Purchase small square aluminum rods. 
Step 4: Weld the square aluminum rods to the tubing in the shape of a cross.  
Note​: A member of the team (Alec) possesses a TIG welder and will be able to complete this step 
without outsourcing. 
 
Figure 19. ​Lower Post 
Upper Rubber Insert​ (Made from purchased raw materials) ​www.polytek.com 
Material: PT Flex liquid rubber 
Step 1: Create a CAD model of the mold using the CAD model of the Ankle Cap as the outline. 
Include an angle at which the lower post inserts into rubber to obtain a pre-set angled ankle.  
Note​: Request from contact to get the mold 3D-printed. 
Step 2: Order rubbers with strengths of 20, 60, and 85 from Polytek.  
Note​: Purchased in quantities of 5lbs so will be able to make multiple iterations. 
Step 3: Create different rubber mixtures for strengths of 40, 50, 60, 77. Mix ½-20 and ½-60 to 
create a strength of 40. Mix ¼-20 and ¾-60 to create a strength of 50. Mix ½-60 and ½-85 to create 
a strength of 77. 
Step 4: Pour each mixture into the molds and let set for 2 hours. Once set, take rubber out of the 
mold and use this same mold for future iterations. 
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Figures 20,21. ​Upper Rubber insert and Upper Rubber Mold 
Lower Rubber Insert​ (Made from purchased raw materials) ​www.polytek.com 
Material: PT Flex liquid rubber 
Step 1: Create a CAD model of the mold using the CAD model of the Ankle Cap as the outline. 
Include an angle at which the lower post inserts into rubber to obtain a pre-set angled ankle.  
Note​: Submit a request form to QL+ to get the part 3D-printed using their lab. 
Step 2: Order rubbers with strengths of 20, 60, and 85 from Polytek.  
Note​: Purchased in quantities of 5lbs so will be able to make multiple iterations. 
Step 3: Create different rubber mixtures for strengths of 40, 50, 60,and 77. Mix ½-20 and ½-60 to 
create a strength of 40. Mix ¼-20 and ¾-60 to create a strength of 50.  Mix ½-60 and ½-85 to create 
a strength of 77. 
Step 4: Pour each mixture into the molds and let set for 2 hours. Once set, take rubber out of the 
mold and use this same mold for future iterations. 
 
Figure 22,23. ​Lower Rubber insert and Lower Rubber mold 
Ankle Cap​ (Made from raw materials) ​www.xometry.com 
Material: ABS Plastic 
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Step 1: To begin the manufacturing process of the Ankle Cap, the first step will be designing the 
part on SolidWorks CAD modeling program.  
Step 2: Submit the 3D file to xometry.com and have it 3D-printed using ABS plastic. 
 
 
Figure 24. ​Ankle Cap 
Foot Plate​ (Made from raw materials)​ www.xometry.com 
Material: ABS Plastic 
Step 1: Create a CAD model of the foot plate which will act as a buffer between the foot itself and 
the rubber/aluminum ankle cap. 
Step 2: Submit the 3D file to xometry.com and have it 3D-printed using ABS plastic. 
 
Bolts​ (Purchased) ​www.homedepot.com 
Material: Stainless Steel 
Dimensions: ​5-Pack of 1/4 in-20 x 2 in Stainless Steel Hex Bolts 
  
Foot​ (Made from raw materials)  ​www.applications3d.com​. 
Material: Carbon Fiber-ABS Plastic Filament 
Step 1: Begin the manufacturing of the foot by creating a model of the foot in SolidWorks.   
Step 2: Send the CAD model of the foot to applications3d.com and have it manufactured using a 
3D-printed Carbon Fiber- ABS Plastic Filament. 
Note​: 3D-printed carbon fiber-ABS Plastic will have higher strength than traditional PLA and 
ABS printed plastic. With limited information available regarding the difference in strength 
properties, we will conduct testing to ensure an adequate strength for the purpose of our design. 
The results of the strength test can be seen in the individual specifications section 7.1. 
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Figure 25.​ Carbon Fiber and Plastic Foot 
Rubber Sole (Purchased) ​www.amazon.com 
Material: Neolite Rubber 
Step 1: Cut the rubber sole to match the dimensions of the carbon fiber foot. 
 
Table 7​: Part materials and manufacturing materials necessary to complete the manufacturing 
process. 
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Part  Price  
3D-printed ABS  $150 
 
Carbon Fiber 
sheets/3D-printed Carbon 
Fiber foot 
$150 
Universal Connections 
(Male & Female) 
$65.85 
Rubber of various 
strengths (X4) 
$132 
Bolts  $3 
Nuts  $1 
Table 7 cont.​: Part materials and manufacturing materials necessary to complete the 
manufacturing process. 
 
 
6.2 Assembly 
We began assembly from the top of the prosthetic and worked our way down. The 
universal prosthetic connection (08) was tightened to the top of the 1.25 in outer diameter knee 
post (08). The 1.00 in outer diameter knee post (06) was slid inside the larger upper knee post (08), 
and was connected by the post clamp (07). This configuration was then placed with the 1 in 
diameter lower post (06) inserted through the hole of the rubber gelatin (09), which was held in 
place between the ankle cap (02) and the foot plate (03). Finally the ankle cap (02), foot plate (03), 
and carbon fiber foot (01) were bolted together using the bolts, washers, and nuts with the bolt 
end underneath the foot (01). 
 
6.3 Reflection and Recommendations 
After completion of the manufacturing processes, we discovered that the parts ordered did 
not always have the exact dimensions which were specified in the descriptions. We learned to 
expect interference between parts and accommodated the design accordingly. For the upper and 
lower post, there was a slight interference between the inner diameter of the upper post and outer 
diameter of the lower post which was amended with minor grinding and provided the upper and 
lower post to have a tight fit as desired. A similar issue was experienced when pouring the rubber 
into the upper and lower rubber insert molds. The upper rubber insert mold was printed in two 
parts, both of which were slightly larger than the exact dimensions. This made it difficult to 
disconnect the two interlocking rubber insert pieces, which required minor grinding to allow the 
pieces to easily come apart after the rubber set inside the mold. Recommendation would be to 
allow additional time for unexpected post processing.  
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Part  Price 
Aluminum Upper Post  $12 
Aluminum Lower Post  $11 
Square Aluminum rod  $6 
Foot Plate (3D-printed ABS)  $60 
Rubber Sole  $10 
Total Cost   $600.85 
7. ​Design Verification  
Our design verification plan (DVP) contains 12 seperate specifications that the prosthetic 
foot will be designed to satisfy. This section explains each specification, which can be referenced by 
number in Appendix L, with each test requiring specialized equipment made for our specific tests. 
We conducted tests that focused on the gelatin components, foot, and ankle cap; Additionally, we 
have tests that were conducted on the leg as a whole. For the tests that required the leg assembled, 
we created a jig that held the foot in place so that we can test its movement and durability. 
 
Table 2 Repeat.​ Specifications to be test by prosthetic prototype 
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Spec No.  Description  Target  Tol  Risk   Compliance 
1  Weight  10lbs  Max  Low  I 
2  Front Movement   45°  ±5°  Low  T,I 
3  Side to Side  Movement   20°  ±5°  Low  T,I 
4  Impact Test  6ft drop  Min  Medium  T,A 
5  Tensile Test  100lbf  Min  Medium  T,A 
6  Fatigue Test  200 Squats  Min  Medium  T 
7  Prosthetic User Weight 
Test 
 +20 lb, 
+30 lb, 
+40 lb  
Min  Low  T 
8  Blind Feeling 
Inspection 
No Sharp Edges  Min  Low  I 
9  Final Price  $1500  Max  Medium  I 
10  Post Production 
Inspection 
Requirements 
Met 
Min  Low  I 
11  Prosthetic User Plantar 
Flexion Mobility 
Comfort  Min  Low  T 
12  Prosthetic User 
Dorsiflexion Mobility 
Comfort  Min  Low  T 
7.1 Individual Specifications/Results 
Specification 1​: Weight 
Our first specification was to confirm that the weight of the prosthetic foot was under 10lb. This 
test was conducted on our final design with the aim to finish the test by the fall quarter which was 
the end of the project.  
Results:  
Our prototype weighs 2.0 lbs. 
 
Specification 2: ​Front Movement 
The next specification was conducted by applying axial forces to the knee post in order to simulate 
frontward movement in the leg. To do this, we used the specially created jig that held our leg in 
place, where we then attached a force gage to the aluminum post with a hole that was made 
specifically for testing. We then pulled the force gauge until it read the desired pounds force, where 
we then measured the deflection angle. We recorded numerical data on this test by applying axial 
forces from 10-60 lbf in10 lbf increments while recording the deflexion angle at each increment, 
which we used to perform an uncertainty propagation calculation. The testing and  uncertainty 
propagation was performed on the final prototype during the fall quarter.  
Results: 
The test was conducted on 10/29 and the leg was able to withstand all increments of forces. 
A table of the data and uncertainty analysis can be seen below in 7.2. 
 
 
Figure 26: ​Front movement test 
 
Specification 3: ​Side to Side  Movement 
Similar to specification 2, an axial force of 40lbf was applied to the knee post in order to simulate a 
side to side movement with a goal of at least 20​°​ deflection. This test was conducted on the 
structural prototype during the weekend of 5/2. 
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Results: 
Test was conducted on 10/29 and the leg successfully stimulated side to side movement 
with the specified force and angle. 
 
Specification 4: ​Impact Test 
A drop test was conducted on the foot to investigate the impact force durability of the prosthetic 
foot. This test was conducted on the structural prototype to examine the impact force experienced 
on the ankle cap. The drop test was conducted during the weekend of 5/2. 
Results: 
Ankle cap was able to withstand rigorous stress which included leg movement and forces 
applied directly onto the cap. 
 
Specification 5: ​Tensile Test 
Specification 5 was designed to test if the leg was able to withstand up to a 60 lbf pull on the leg 
post. This was to examine if the prosthetic leg can withstand tension without rubber tear out. This 
specification was tested on the final prototype during the fall quarter. 
Results: 
This test was conducted on the 40, 50, and 60 strength rubbers and they all withstood a 
tensile force of 60lbf with no visible damage.  
 
Figure 27.​ Tensile tear out test 
 
Specification 6: ​Fatigue Test 
For this next specification, we planned on having the prosthetic leg go through the motions of a 
squat. Our aim was for the leg to rotate 100 times, and then inspect the rubber component of the 
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ankle for any visible wear or damage. This test was performed on the final prototype, during the 
fall quarter.  
Results: 
This test was conducted with all three rubbers. After the 100 squats, the insides of the 
rubbers showed slight wear from the aluminum cross piece. In order to prevent this type of wear in 
the future, the cross will be dremeled in order to round out the piece and mitigate any cutting in 
the rubber. 
 
Figure 28​. Repeated Squat test 
 
Specification 7: ​Prosthetic User Weight Test  
In addition to testing the fatigue of the rubber, we test the durability of the final prototype 
prosthetic foot using this specification. To do this, the leg carried additional weight in increments 
of 10 lbf from 30-50 lbf. As this test was performed on the final prototype, it was conducted 
during the fall quarter. 
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Results: 
The test was conducted on all three rubbers. All rubbers held up to the applied forces and 
no damage was seen on any part of the leg.  
 
Specification 8: ​Blind Feeling Inspection 
The purpose of specification 8 was to inspect the whole leg for any sharp or dangerous edges. To 
perform this, a team member inspected the foot blindfolded until satisfied that no sharp or 
harmful edges were noticed. In order to pass this specification, the entire leg was void of any sharp 
corners or rough sides, and which was performed on the final prototype during the fall quarter. 
Results: 
No dangerous edges are found on the leg and many exposed features are rounded to avoid 
any harmful situations. 
 
Specification 9: ​Final Price 
Specification 9 was an examination of the final price of the foot, used to minimize the cost of the 
entire project to under $1,500. This specification was evaluated once our final prototype was 
completed by adding each cost throughout the year.   
Result: 
The prosthetic leg has a total cost of $600.85. 
 
Specification 10: ​Post Production Inspection 
The purpose of specification 10 was to ensure that after post production, there were no obvious 
reasons for failure and that we were satisfied with the prototype for the sponsor's use. This was the 
final test performed on the final prototype, which was conducted during the fall quarter.  
Results: 
After manufacturing the final prototype, there are no obvious reasons for failure. 
 
Specification 11: ​Prosthetic User Plantar Flexion Mobility 
In order to test user comfort of the prosthetic surf leg, the user was supposed to perform this test 
by moving the ankle in a forward/backward motion and note any discomfort experienced in this 
motion.  
Results: 
We are unable to meet this specification and will be explained in section 7.3. 
 
Specification 12: ​Prosthetic User Dorsiflexion Mobility 
We were supposed to perform a similar test to specification 11, however the user was supposed to 
conduct this test by moving the ankle in a side/side motion and note any discomfort experienced in 
this motion.  
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Results: 
We are unable to meet this specification and will be explained in section 7.3. 
 
 
7.2 Specification Uncertainty Analysis 
 
 
Figure 29. ​Plot of applied force vs. measured angle of the foot using the PT Flex 60 
strength rubber. 
0 .05 lbfF = 1 ± 0  
7 .5 degθ = 6 ± 0  
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Table 8. ​Measured and computed angle using various applied forces and the equation 
derived from the Specification 2 experimental results.  
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Force (F)  Angle (ϴ)  Computed 
Quantity (c) 
Sensitivity 
(Sm) 
0 lbf  85.0°  80.7°  0.5 
10 lbf  67.0°  71.0°  0.5 
Table 8 cont. ​Measured and computed angle using various applied forces and the equation 
derived from the Specification 2 experimental results.  
 
 
Table 9. ​Uncertainty values found using data in Table 8. 
 
 
7.3 Specifications Not Met 
We were unable to meet specifications 11 and 12. The reason for this is that those 
specifications involved user comfortability and required an in-person prosthetic user to test the leg. 
Due to COVID 19, we decided that in the best interests of the health and safety of those involved, 
we would not conduct the test that required a user and limited our tests to those which only 
required the three team members. We used the same connection at the same angle as the previous 
version of the surf leg.  The first group did not seem to have any problems with user comfort so we 
see no reason that our foot would present additional complications as we used the same 
connection.  
 
7.4 Reflection and Recommendations 
The final prototype met our design verification specifications in both durability and 
functionality of our surf leg prosthetic design. The design decisions and calculations were validated 
when we conducted our tests and confirmed the functionality of our design. It is disappointing we 
could not have a prosthetic user test the foot, but are confident in the testing that we did conduct 
and that the prosthetic leg will be reliable for our customer. The detailed test results can be seen in 
Appendix L which contains our DVPR.  
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Force (F)  Angle (ϴ)  Computed 
Quantity (c) 
Sensitivity 
(Sm) 
20 lbf  59.0°  61.3°  0.5 
30 lbf  51.0°  51.6°  0.5 
40 lbf  44.5°  41.9°  0.5 
Measured 
Uncertainty )(uxm  
Computed 
Uncertainty u )( c  
.5°± 0   .12°± 1  
8. ​Project Management 
 
8.1 Overall Project Design Process 
For this project we followed a standard engineering design process. We began by defining 
the problem with our sponsor as well as any other relevant parties. From there we designed 
conceptual prototypes and chose a design aided by a decision matrix.  
We have presented our final design goals to our sponsor and have included their input into 
deciding on our final design. Our team determined that we will use ABS plastic as the ankle cap 
(with the previously designed aluminum cap as plan B), PT Flex rubber as the ankle support, a 
carbon fiber & ABS 3D-printed foot, and an aluminum pipe for the knee. The focus of this 
FDRwas to assemble a functional prototype in order to conduct testing, which was successfully 
executed. After obtaining the test results and feedback, we made minor adjustments to the leg 
which allowed us to complete a final product which successfully met all customer specifications. 
An overview of key dates can be seen below in Table 10 and specific details of the process can be 
found in Appendix C. 
 
 
Table 10. ​ Overview of important deliverables and their due dates. 
 
 
8.2 Unique Technologies 
The project that we chose is unique in the fact that it is a continuation of a previous senior 
project. The previous senior project team completed a prototype that is serving as a starting point 
for our project. The previous research included the test of their prototype which served as a basis 
for the materials and parts that required improvement. A member of the previous group is serving 
as our adviser which allows us to ask her about what was successful among the previous project and 
what did not work. 
The unique technologies of our project included a 3D-printed carbon fiber & ABS ankle 
cap which took the place of the original ankle cap design which was an injection-casted aluminum 
ankle component. A technology which the previous senior project team used as the mobility 
component as well is the rubber gelatin ankle. A unique addition to our surf leg prosthetic is a 
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Deliverable  Date 
SOW  1/30 
PDR  2/27 
CDR  5/7 (Updated 5/12) 
FDR  11/30 (Updated 12/04) 
curved lip around the edge of the foot itself to provide additional grip and mobility on the 
surfboard.  
Additionally, during the third quarter of the project, we were dropped by our sponsors 
QL+. Because of this, we had to adapt our strategy as we no longer had an experienced 
organization to set guidelines for us. Moreover, we had to shift our budget sponsor since we had to 
be funded by Cal Poly instead of QL+. 
8.3 Next Steps 
The previously completed steps after completion of the CDR was to manufacture the final 
components of the leg. This was completed by outsourcing the necessary parts which were 
machined and/or 3D-printed, which included the pouring process for our rubber gelatin inserts. 
Due to COVID-19, the manufacturing processes had slightly longer lead times than expected.  
The final step of our design process, which will be up to our customer due to COVID-19 
restrictions, is to successfully use the foot with an adaptive athlete. As all possible tests which could 
be conducted with the team were implemented and successful, the only thing left to do is present 
this design to a below-the-knee amputee and grant them the thrill of surfing. 
 
9. ​Conclusion  
After our year of work we were able to successfully design and build Surf Leg V2. We were 
able to accomplish this with a team effort as well as support from QL+, Samantha, and California 
Polytechnic State University of San Luis Obispo. We started with the base design from Surf Leg 
V1. This leg design contained many innovative ideas such as using the rubber insert as an ankle and 
the adjustable post for length variations. However, there were some flaws that we set out to fix. 
Overall the foot was too heavy and was also a bit cumbersome in some areas such as the foot and 
ankle cover design. These were the areas that we started redesigning immediately. For the foot, we 
were able to make it shorter and sturdier by adding lips on the sides to strengthen its front to back 
movement. We also chose to print the foot in a carbon fiber/ABS mix that was very strong as well 
as water resistant. We then moved to the ankle cap. The original version was made out of solid 
aluminum and was heavy while unnecessary material hung over the sides of the foot. We 
redesigned it so it fit on top of the foot and significantly reduced its weight by printing it out in 
ABS plastic. We decided to do this after running simulations in Solidworks as well as printing and 
testing a prototype. These were the two main areas of improvement but we also made additional 
minor changes. We printed the foot plate out of ABS to reinforce as well as lighten the prosthetic, 
and also lengthened the lower post to give more height adjustment to the user.  
After making these improvements and manufacturing the parts, the team met in person to 
conduct testing. All the tests were successful and the foots performance exceeded our expectations. 
We were unable to test comfort due to restrictions with COVID-19 but due to the similarity of the 
design to the previous Surf Leg, we were not concerned with comfortability of the anke connection 
which was purchased from a prosthetic parts manufacturer.  
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If we were to do anything differently, there are several things we would change. In the 
beginning of our design process, we were leaning towards casting for manufacturing the ankle cap 
and bought some parts to achieve this goal. Instead, we proceeded with our 3D-printing ideas early 
in the design process. It is cheaper, lighter, and better looking than our original plan. We also 
would have liked to make the foot out of pure carbon fiber and have layed it up ourselves. This 
would have been a valuable learning experience for us as well as giving us a slightly stronger foot. 
This became unachievable due to the COVID-19 restrictions as well as the problems with 
acquiring all the materials in a timely manner.  
Once we hand the foot over to our sponsor, there is little they will need to do to use the 
prosthetic. The foot itself is complete and we are sending it to them with new rubber inserts as well 
as the rubber molds needed to make more. The only thing they will need to do is add a rubber 
covering to the bottom to protect the surfboard from the scratching of the carbon fiber & ABS 
foot. This will not be hard for them because they have already done this with the previous 
prosthetic Surf Leg V1. They will also need to make sure that they thoroughly read the Operator's 
Manual in Appendix P. There is necessary information in the manual that helps them maintain the 
foot and keep it clean in order for it to function properly and ensure its longevity.  
As a team, we got along and learned how to efficiently work together while playing to 
everyone's strengths. From the beginning, our personalities and work styles made it easy to 
communicate and maintain a both productive and cohesive work environment. After a short time 
we ended up becoming friends, which made it much easier to function and became useful when 
there were disagreements or conflicts. Whenever disagreements over project direction came up, we 
were always able to work through it because we respected each other's opinion and knew how to 
listen to each other's ideas. In the end, we knew that we all wanted what was best for the project so 
all design decisions went smoothly whenever we had multiple opinions.  
With this project we achieved everything that we set out to do with Surf Leg V2. We 
significantly lightened and improved the design of the foot. We worked together as a team to 
overcome the adversity we faced during the final manufacturing of the foot. We learned how to 
properly create a project from the bottom up using the engineering process as well as keep 
important documentation. We also learned how to perform tests, verify designs, as well as give and 
take criticism from our peer reviews. We are proud of the product we made and are confident in its 
ability to satisfy Operation Surf’s requirement of providing an adaptive athlete with the ability to 
surf.  
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Patent No.  Patent Name  Description  Picture 
US6482236B2  Prosthetic ankle 
joint mechanism 
 
This is a mechanical ankle 
wear the motion is controlled 
through weight-bearing and 
non weight-bearing 
conditions. It can also be 
attached to various different 
feet 
 
WO2019028388A1  Passive and 
slope adaptable 
prosthetic foot 
ankle 
A prosthetic foot that 
automatically adapts to 
sloped terrain without 
requiring motors or batteries. 
It also provides a full range of 
natural ankle motion. 
 
N/A 
US20090018669A1  Articulating 
Prosthetic 
Ankle Joint 
 
This Prosthetic is a fully 
articulating ankle joint that 
uses a horseshoe component 
to allow for full range of 
motion.  
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Patent no.  Patent Name  Description   Picture 
EP2762109B1  Hydraulic 
Prosthetic ankle 
This Prosthetic is using a 
dampening device coupled to 
flexible foot to provide 
limited lateral movement as 
well as natural forward to 
back movement 
 
US5695526A  One-piece 
mechanically 
differentiated 
prosthetic foot 
and associated 
ankle joint with 
syme 
modification 
 
A foot molded as a single 
piece having a raised heel and 
instep to allow for a flat toe 
area. 
 
US4718913A  Dual, ankle, 
springs 
prosthetic foot 
and ankle 
system 
 
This ankle joint is unique 
because it uses 4 springs to 
serve as the Achilles as well as 
the other parts of the ankle. 
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Patent no.  Patent Name  Description   Picture 
US9271851B2  Systems and 
methods for 
actuating a 
prosthetic ankle 
 
This design uses a damper as 
well as a spring to actively 
adjust to what the user is 
doing. It also has a unique 
foot design to help with 
movement 
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Appendix C 
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Appendix D 
These calculations were applied to both the aluminum and plastic cap using a 250lbf  being applied 
away from the cap.  
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Appendix E 
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Appendix F 
List of Drawings in order 
- Assembly 
- Foot 
- Foot Plate 
- Lower Bushing 
- Upper Bushing  
- Upper bushing mold 
- Aluminum Cap 
- Plastic Cap 
- Lower Bushing mold 
- Lower Post 
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*Grind 
sharp 
edges 
on 
cross 
piece 
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Appendix G 
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Part  Product Literature 
Universal Connection  https://www.spshangerstore.com/rotatable-m
ale-female-stat-adapter-42mm.html 
Upper Post  https://www.onlinemetals.com/en/buy/alumi
num/1-25-od-x-0-125-wall-x-1-id-aluminum-r
ound-tube-6061-t6-extruded/pid/4357 
Lower Post  https://www.onlinemetals.com/en/buy/alumi
num/1-od-x-0-125-wall-x-0-75-id-aluminum-r
ound-tube-6061-t6-drawn/pid/1213 
Post Clamp  https://www.amazon.com/Corki-Seatpost-San
dblasting-Anodised-Aluminum/dp/B072M27
HBS 
Upper Rubber Insert  https://www.polytek.com/product-type/pt-fle
x-liquid-casting-rubbers-new-improved 
Lower Rubber Insert  https://www.polytek.com/products/pt-flex-60
-liquid-rubber 
Bolts  https://www.homedepot.com/p/Everbilt-1-4-i
n-20-x-2-in-Stainless-Steel-Hex-Bolt-5-Pack-81
2240/302007776 
Buts  https://www.homedepot.com/p/Everbilt-1-4-i
n-20-Stainless-Steel-Hex-Nut-25-Pack-812110
/302007721 
Washers  https://www.homedepot.com/p/Everbilt-1-4-i
n-Stainless-Steel-Flat-Washer-6-Pack-800341/2
04276462 
Appendix H 
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Appendix I 
 
The aluminum cap does not yield given the 1000lbf acting on the inside of the cap with the 
constraints on the bolt holes. This is to simulate an extreme condition of a 300lb user putting all 
his weight on the prosthetic leg and bending forward, which was found to be 1000lbf from hand 
calculations in appendix D. With a factor of safety of 1.02 using our extreme conditions, we feel 
comfortable moving forward with this design as the surfboard would likely break or flip in the 
water before the ankle cap fails. 
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ABS does not have a yield strength therefore we were unable to obtain a factor of safety for the 
ABS ankle cap. This is because there are multiple factors with a 3D-printed part which contribute 
to yield strength. We can see however that the max pressure on the ABS ankle cap is nearly 
one-fourth the max pressure of the aluminum ankle cap. Due to this, we are confident the ABS 
ankle cap will easily withstand the distributed force which would be applied when someone is 
using it to surf. 
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Appendix J 
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Appendix K 
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Appendix L 
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Appendix M
68 
 
 
   
69 
Appendix N 
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Appendix O 
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Appendix P 
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